Constructed wetlands are dynamic ecosystems for which we generally have poor predictive 11 capabilities of the succession relationships between the interdependent components and the 12 processes. In this study a dynamic simulation model that can evaluate the transport and fate 13 of heavy metals in vertical flow constructed wetland systems was developed using a dynam-14 ic software program: Structural Thinking Experiential Learning Laboratory with Animation 15 (STELLA) v9.0.2. The key heavy metals transformation processes considered in the study 16 were adsorption and plant uptake; whilst the forcing functions considered were wastewater 17 volume, temperature, heavy metals concentration, contact time, flow rate and adsorbent 18 media. The model results indicate that up to 89%, 91% and 91% of Pb, Cr and Cd respec-19 tively, can be removed through adsorption process; whereas uptake by plants was 6%, 5.1% 20 and 5.2% based on mass balance calculations. Sensitivity analysis also showed that the 21 most sensitive areas in the model coincide with the adsorption parameter (the heterogeneity 22 factor (n) and the Freundlich constant (Kf)). The results obtained indicates that the model 23 can be used to simulate outflow heavy metal concentrations, and it can also be used to es-24 timate the amount of heavy metal removed by individual processes in the system. 25
Introduction 27
Constructed wetland systems (CWs) have become a popular technical alternative worldwide 28 for the treatment of various wastewaters. (Kadlec and Wallace, 2008) . They are used not 29 only to degrade organic substances and nutrients from wastewaters (Sun and 
rates. 40
However, adsorption represents an important mechanism for removal of metals in CWs. 41 Therefore, to ensure efficient HM removal, it is important to use substrates with high HM re-42 moval capacity and suitable physiochemical properties. A low-cost material that can en-43 hance HM removal is ferric dewatered sludge (Mohammed et al., 2016) . It is available 44 worldwide and is mostly landfilled at huge costs since it is regarded as a waste with little 45 known reuse value. However, the physicochemical properties of ferric dewatered sludge give 46 it a highly reactive surface and a strong affinity for phosphorous and HM (Al-Tahmazi and 47 minutes, giving each column 3:50 h of wastewater-media contact per cycle. Common reed, 80
Phragmites australis, was planted on the top layer of the stage. 81
Experiments were carried out in two periods, namely Period 1 and 2. The initial purpose of 82 the experiments was to investigate the removal rate of HM from landfill leachate. However, 83 significant removal was not found in the performances of individual CW stages during Period 84 1. Accordingly, alterations to the experiment were made in Period 2. Only one CW stage (re-85 ferred to as 'A' in Figure 1 ) was used in Period 1, whereas in Period 2 two CW stages (A + 86 B), which were arranged in parallel, were used. 87
To simulate young landfill leachate, CdSO4.H2O salt, Cr(SO4)2.12H2O salt and PbCl2 salt, 88 respectively for cadmium (Cd), chromium (Cr) and lead (Pb) were used to synthesise artifi-89 cial landfill leachate in the laboratory. The initial concentrations of HM were (230 µg L 
Batch analysis 104
Batch experiments were used to investigate the kinetic of the adsorption process and 105 examine the kinetics of heavy metal adsorption by the ferric dewatered sludge. To 106 investigate the effects of sludge dosage and equilibration time, different masses of the 107 sludge sample (0.1, 0.5 and 1.0 g) were equilibrated with 100 ml each of heavy metal 108 solutions (0.5 mg L -1 for Pb, 1 mg L -1 for Cr and 5 mg L -1 for Cd), which were contained in 109 250 ml polyethylene bottles for 1-96 h using a rotary shaker. At specified time points, the 110 mixture was withdrawn, filtered and analysed for each heavy metal using an Optima 210 DV 111 ICP OES, and the uptake of those metals was determined using Eq. (1 ) are the initial (t=0) and final heavy metals concentrations at 116 equilibrium (qe), respectively; qe is the mass of heavy metal adsorbed on the adsorbent 117 
Process equations 146
The adsorption process was described by the equilibrium between HM in water and HM in 147 the adsorbent. Unlike other processes, this process is fast and reaches equilibrium in hours, 148 based on the batch results (Figure 9) . Therefore, 0.02 delta time (DT) was selected as the 149 time step. DT refers to the time interval between calculations in STELLA software. In addi-150 tion, the adsorption process was multiplied by a factor (Fa) of 2.5, 5 and 3, respectively for 151
Pb, Cr and Cd for column A, and 3.5, 14 and 5, respectively for Pb, Cr and Cd for column B. 152
These factors were based on experimental results, and it is expected that they will vary ac-153 cording to the type of media, HM concentrations, type of pollutant, type of CWs, etc. 154
Adsorption process can be describe using equation 2, where, Fa is a factor, DISHM is 155 dissolve HM (either Pb, Cr or Cd) (mg day The growth of the plant, phragmites australis depends on the amount of HM in the plant and 169
can be described as a function of maximum growth rate at the optimum temperature. and plant uptake, whereas the plant's mortality decomposition is more sensitive to 198 temperature changes. Therefore, the value ranges from 1.07 to 1.08 . 199
Calibration and sensitivity analysis 200
Before applying the resulting STELLA model to estimate the removal of heavy metals, the 201 model was calibrated and validated using a standard trial and error procedure. The mean percent error (MPE = (OBS -OUT)/OBS × 100) equals 38%, 33% and 30%, 232 respectively, for Pb, Cr and Cd during the calibration period, and 15%, 20% and 10%, 233 respectively, for Pb, Cr and Cd during the validation period. It is worth noting that the 234 validated data for the HM was quite close to the observed data, despite the fact that the 235 simulation data was higher than the observation data for the period of 320-400 days (during 236 validation between 105 and 185 days in period 2) in the case of Cr. This slight fluctuation in 237 the model simulation and the experimental data could be due to experimental error or 238 accumulation of biomass within the CWs (growth of microorganism). This could also be until the next growing season start (Jørgensen and Fath, 2011). However, the contribution of 242 plant harvesting is a small percent to the total HM removal in CWs, so that it is ignore in this 243 study (Cheng et al., 2002; Kosolapov et al., 2004; Marchand et al., 2010) . 244
. Another possible reason may be that apart from the adsorption process, the HM in CW can 245 be removed by other processes, such as precipitation, oxidation, ion exchange and redux 246 reaction (Galletti et al., 2010) . However, the system was operated to be fully saturated for 247 3:50 hours and unsaturated for 10 minute and due to a limitation of DO diffusion within HH 248 sludge (Wang et al., 2008) , there is aerobic and anaerobic condition along the height of the 249 column as shown in figure (3) . Therefore, the co-precipitation of HM with Fe oxide is very 250 dependent on DO variations so that the binding of metals with Fe oxide cannot be a long-251 term removal mechanism, and then metals may be released back to the system. Moreover, 252 Based on these results, the mathematical model developed in this study could be used to 269 describe the HM removal process in the VFCW using ferric dewatered sludge as the primary 270 media. The model was run using STELLA software for a period of 185 days for column B. 
Sensitivity analysis 415
A sensitivity analysis provides a good overview of the most sensitive components in the 416 model. This type of analysis attempts to provide a measure of the sensitivity of the parame-417 ters by forcing functions, initial values of the state variables of the sub models, to the state 418 variables of greatest interest in the model (Jørgensen and Fath, 2011). The sensitivity of the 419 model was tested using the 10 parameters which were most likely to be important: Gm, Kr, 420
Um, Ku, Mm, Mr, HMmax, HMmin, n and Kf (Table 2 ). This was done by examining the rela-421 tive change in the model output and dividing it by the relative change in the value of the test-422 ed parameter. The magnitude of the changes in the parameter values may be proportional to 423 the value of the parameter; this also depended on the possible range of the parameter. Most 424 changes were made between -50% and +50% (van der Peiji and Verhoeven, 1999). In this 425 study, changes were made at ±40%. Table 2 shows that the increase and decrease of n 426 caused a significant change in the corresponding state variable of the model. Similarly, the 427 change in Kf also caused changes in the model output and the corresponding state varia-428 bles. This is primarily because the adsorption process supposes that the main process for 429 the removal of HM by ferric dewatered sludge in the CWs. The rigid structure and fixed set of 430 parameters do not accurately reflect the changes in the output of VFCW. of metal ions on the binding sites until it reaches equilibrium; and thereafter, sorption would
